Abstract. In the framework of the IRON Project we have performed new, fully quantum mechanical atomic calculations for the Fe xii (Fe 11+ ) coronal ion. Energy levels, oscillator strengths and spontaneous decay transition probabilities have been computed by including extensive configuration interaction (CI) and relativistic effects in the solution of the atomic structure problem. The R-matrix approach has been employed to solve the electron scattering problem and generate a new set of collisional atomic data. Results are discussed for the ten fine-structure forbidden transitions in the 3s 2 3p 3 ground configuration of Fe xii, and compared with previous calculations.
Introduction
The Solar Heliospheric Observatory (SOHO), an ESA/NASA space mission for the study of the solar upper chromosphere, transition region, inner and extended corona, was successfully launched in December, 1995. The analysis of SOHO spectra has generated a great deal of interest in the atomic physics related to coronal ions. In particular the IRON Project, an international collaboration aimed at providing the most accurate set of atomic data to date for all the iron ions (Hummer et al. 1993) , is an ideal framework for the calculation of new atomic data for astrophysical applications. A complete list of IRON Project publications and papers in press can be found at http://www.am.qub.ac.uk. The Fe xii ion gives rise to spectral lines observed by several different spectrometers on board SOHO: at 195Å (EIT -Extreme ultraviolet Imaging Telescope), at 1242Å and 1349Å (UVCSSend offprint requests to: A. Binello Ultraviolet Coronagraph and Spectrometer and SUMER -Solar Ultraviolet Measurement of Emitted Radiation) and various lines in the CDS (Coronal Diagnostic Spectrometer) wavelength range 151 − 785Å.
The first calculations for Fe xii were carried out by Flower (1977) , who computed radiative and collisional data for transitions between the ground 3s 2 3p 3 and the first two excited 3s 3p 4 and 3s 2 3p 2 3d configurations. The distorted wave technique was employed in that work for the calculation of the scattering data. Bromage et al. (1978) and Fawcett (1986) provided improved excitation energies and oscillator strengths by incorporating strong CI (configuration interaction) and relativistic effects in the structure problem. Subsequently new and more extensive calculations were performed of energy levels and oscillator strengths for the same three lowest configurations (Tayal & Henry 1986 ) and of collision strengths, effective collision strengths and electron impact excitation rates for finestructure transitions either within the ground 3s 2 3p 3 configuration (Tayal et al. 1987) or between this and the first excited 3s 3p 4 configuration (Tayal & Henry 1988) . The use of these atomic data together with Fe xii lines identifications (Svensson 1971; Jordan 1971 ) has made possible a considerable amount of diagnostic work on physical parameters of the solar plasma. Electron temperature, density and iron abundance have been derived by analysing various spectra from early solar eclipse observations (Gabriel & Jordan 1975) to recent Solar EUV Rocket Telescope and Spectrograph SERTS (Thomas & Neupert 1994) . The atomic data from Tayal & Henry (1986 , 1988 and Tayal et al. (1987) are the most widely used in these astrophysical applications. However Mason (1994) , in her assessment of theoretical electron excitation data for various iron ions, pointed out some unusual features in their Fe xii collisional data, which have not yet been explained. This has prompted the new set of atomic calculations which are described in this paper. In Sect. 2 we discuss the atomic structure problem and the code used for the computation of the radiative data there presented. Section 3 will be devoted to the analysis of the Fe 11+ − e − scattering problem and to the resulting collisional data relating to the fine-structure forbidden transitions within the ground 3s 2 3p 3 configuration. Corresponding results for allowed and intercombination transitions from the ground to the excited 3s 3p 4 and 3s 2 3p 2 3d configurations will be presented in a subsequent paper. Discussion and conclusions will be given in Sect. 4.
Atomic structure and radiative data
The atomic structure problem has been solved by employing the program SUPERSTRUCTURE (Eissner et al. 1974; Nussbaumer & Storey 1978) , which has been developed over the years at University College London. This program uses multi-configuration expansions for the atomic eigenfunctions (CI). The structure and radiative calculations can be carried out in both LS coupling and intermediate coupling schemes. In the intermediate coupling case we diagonalise the Breit Pauli Hamiltonian, which includes the one-body and two-body relativistic operators, as specified in Eissner et al. (1974) . The radial parts of the one electron wave-functions are calculated in scaled Thomas-Fermi-Dirac potentials. The scaling parameters, λ nl , are chosen to minimise selected sets of LS coupled term energies.
The Fe 11+ ion has a core 1s 2 2s 2 2p 6 and five spectroscopically active electrons which occupy orbitals nl with n ≥ 3 and l = 0, . . . , n − 1. We will be mostly interested in radiative data between the ground 3s 2 3p 3 odd-parity configuration and the first two excited 3s 3p 4 , 3s 2 3p 2 3d even-parity configurations. However, it is necessary to include a greater number of more highly excited configurations, of both parities, in the wavefunctions basis set, in order to get accurate results. In Table 1 we list the configuration sets employed in different calculations to explore the accuracy of the wavefunction. For sets 1 to 3 we optimised the potential by minimising the energies of all the terms included in the expansion, therefore obtaining orbitals all of spectroscopic type. For set 3A the minimisation was done on 20 LS coupling terms only, those belonging to the 3s 2 3p 3 , 3s 3p 4 and 3s 2 3p 2 3d configurations. In such a way we could study the effects of using 4s, 4p, 4d and 4f correlation orbitals, all taken of hydrogenic nature (a similar calculation carried out with a 4f Thomas-Fermi correlation orbital led to identical conclusions). These correlation orbitals are approximations to the real orbitals, introduced in order to allow for correlation with the missing configurations in the basis set, and can be highly contracted compared to the spectroscopic ones. The scaling parameters for the potential employed in the set 3A calculation are λ 1s = 1.41049, λ 2s = 1.12071, λ 2p = 1.06116, λ 3s = 1.14871, λ 3p = 1.13081, λ 3d = 1.16752, λ 4s = 1.35037, λ 4p = 1.30434, λ 4d = 1.16657, λ 4f = 0.84416. The wavefunctions obtained in the different computations have been used to calculate the length f (L) and velocity f (V) forms of the oscillator strength for transitions between LS coupling terms or intermediate coupling fine-structure levels. The agreement between the two forms and their stability as more configurations are added to the basis set are used as an indicator of the quality of the computation. In Table 2 we present results for the two forms of the oscillator strength, weighted with the statistical weight of the initial level, for selected optically allowed transitions in LS coupling between the ground and the first two excited configurations in Fe xii, for the basis sets illustrated above.
The first point of interest is the clear improvement in going from the coarse 4 configuration model (set 1) to the much more comprehensive set including n = 4 electrons (set 3), as testified by the closer agreement of the gf (L) and gf (V) values. Correlation effects introduced by the n = 4 correlation orbitals (set 3A) do not consistently improve the results and any improvement is often only marginal.
There is however considerably better agreement between theoretical and observed energy levels when correlation orbitals are used, as can be seen in Table 3 . We therefore regard the set 3A as our best approximation, as far as the provision of structure and radiative data is concerned. Another important point is apparent in the magnitude of several values of gf (L) for transitions from terms of the 3s 2 3p 2 3d excited configuration down to the 3s 2 3p 3 configuration. Clearly radiative cascades from those levels are extremely important in populating the levels of the ground configuration. The availability of accurate collisional data for the population mechanisms of 3s 2 3p 2 3d levels is therefore a key issue, which will be stressed in the next section. In Table 3 we present the list of fine-structure levels for the three energetically lowest configurations of Fe xii, along with calculated and observed energy values. Theoretical energies are those obtained with our set 3 and set 3A models. Experimental values have been taken from the compilation by Corliss & Sugar (1982) and, where available, from the updated list by Jupen et al. (1993) . The average difference between theoretical (set 3A) and observed values was found to be 2.7% for the ground 3s 2 3p 3 configuration, 0.6% for the 3s 3p 4 configuration and 2.2% for the 3s 2 3p 2 3d configuration. The improvement of our computation over previous works is shown by the comparison with corresponding results by Flower (1977) (5.5%, 1.7% and 3.3% respectively) and by Tayal & Henry (1986) (3.7%, 1.4% and 4.2%). For the lowest twelve levels of the 3s 2 3p 2 3d configuration experimental energies are not yet available. In order to fill this gap we used theoretical energies that were empirically corrected by adding the weighted average of the difference E obs −E th for other levels in the same configuration having the same parent term, whose energies are experimentally known. These estimates are distinguished by italic type in the column listing the experimental values. Finally in Table 4 we show weighted oscillator strengths, calculated with our set 3A model, for selected electric dipole transitions between fine-structure levels in intermediate coupling. There is generally a good agreement between these data, the corresponding values from Tayal & Henry (1986) and, in particular, those from Bromage et al. (1978) . As in the latter work the authors performed empirical adjustments on the Slater parameters in order to minimise discrepancies between computed and measured energy levels, we regard the particularly good agreement with their oscillator strengths as highly satisfactory. (Burke et al. 1971; Berrington et al. 1987; Burke & Berrington 1993; Hummer et al. 1993 ). This method has been implemented in the Queen's University Belfast R-matrix suite of programs, the latest and most updated version of which is thoroughly described in Berrington et al. (1995) .
The scattering calculation is carried out in LS coupling, but the mass and Darwin relativistic energy corrections are included (Saraph & Storey 1996) . The transformation to pair coupling including the effects of intermediate coupling in the target are included as discussed in the first IRON Project paper (Hummer et al. 1993) .
Two sets of R-matrix calculations have been performed in order to analyse critically previous computations and to provide new electron scattering data for Fe xii. These will be described in the two following subsections.
7 term R-matrix computation
Our initial set of R-matrix calculations was aimed at studying the effect of varying target representations on collisional data and, in particular, on the resonance structure of the collision strengths below the highest excitation threshold in the target. As in Tayal et al. (1987) the lowest seven LS coupling terms, 3s 2 3p
2 S, were included in the expansion of the total wavefunction for the target. The energies for these excitation thresholds were calculated as averages of observed 
values, weighted over the fine-structure levels, and are tabulated as the first seven entries in Table 5 . Experimental energies were preferred to theoretical values in order to determine as accurately as possible the positions of the convergence limits for Rydberg series of resonances. The seven target terms were represented by CI expansions constructed with a common set of radial functions, describing the radial charge distribution of the target. Three different combinations of seven orthogonal one-electron orbitals 1s, 2s, 2p, 3s, 3p, 3d and 4f were selected, in order to match as closely as possible the details of Tayal et al. (1987) calculation. In the first computation radial waves were obtained in the way described in Sect. 2 by including nine configurations in the basis set, 3s 2 3p 3 , 3s 3p 4 , 3s 2 3p 2 3d, 3p 5 , 3s 3p 2 3d 2 , 3p 3 3d 2 , 3s 3p 3 3d, 3p 4 3d, 3s 2 3p 3d 2 , where the 3d correlation orbital was chosen of Thomas-Fermi type (3d TF ). The bar over the principal quantum number n indicates the correlation nature of the orbital. In the second calculation we added the two extra configurations 3s 2 3p 2 4f and 3s 3p 3 4f to the basis set, hence investigating the effect of a 4f correlation orbital of hydrogenic type (4f Hy ). In these two calculations the size of the R-matrix "box", within which exchange and e−e correlation interactions are treated explicitly by performing a CI expansion of the (N + 1) − e collision complex wavefunction, was set at a = 3.22 a.u. and 16 continuum orbitals were included to ensure convergence for electron energies spanning the range 0.4 to 100 Ry. In our third calculation the same set of eleven configurations was kept in the basis expansion, but this time with 3d and 4f orbitals of spectroscopic type.
Due to the presence of a diffuse 4f spectroscopic orbital, compared to the more contracted correlation type equivalent (see Table 6 ), it was necessary to increase a to 5.34 a.u. and to include a total of 24 continuum orbitals in the problem. The wavefunction for the (N + 1) − e collision complex was, in all three cases, expanded on a basis set of 72 intermediate states, including partial waves of singlet, triplet and quintet spin multiplicities, both odd and even parities and with total orbital angular momenta L from 0 to 12, which corresponds to an expansion in intermediate coupling with values of J = L + S from 0 to 10. The variation of the collision strength, as a function of electron energy, with target structure is presented in the three plots of Fig. 1, Fig. 2 and Fig. 3 , corresponding to the three calculations described above. Here collision strengths for the fine-structure forbidden transition 3s 2 3p
are plotted in the energy region between the 3s 2 3p 3 2 P o 3/2 and 3s 3p 4 4 P 5/2 target thresholds, revealing the complicated pattern of different series of resonances. A very fine energy mesh of 9.0508 10 −4 Ry was chosen to delineate this complex resonance structure. Clearly it is the correlation nature of the 4f orbital which introduces the broad resonant features visible in Fig. 2 . This important point will be further discussed in Sect. 4.
19 term R-matrix computation
A higher quality set of collisional data for Fe xii was obtained by increasing the size of the expansion for both the target and the (N + 1) − e system total wavefunctions. In a new, ab initio R-matrix calculation we extended the target representation by including in the target the 12 LS coupling terms of the 3s 2 3p 2 3d configuration, (
The list of energies for the total set of 19 LS coupling target terms employed in this calculation is given in Table 5 . The lowest four energy values for the 3s 2 3p 2 3d configuration (italic type) have been calculated from the corrected level energies presented in Table 3 , due to lack of observed energies for the corresponding fine-structure levels, as discussed in Sect. 2. It should be noted that the energy value for the 3s 2 3p 2 3d ( 1 D) 2 S term in Table 5 does not correspond to the experimental energy given in Table 3 . This observed value was modified in order to preserve the theoretical ordering of the term energies, as determined by the R-matrix computer code, where the ( 1 D) 2 S term falls in between the ( 1 D) 2 D and ( 1 D) 2 P terms. Failing to preserve the theoretical ordering can lead to indexing problems in the R-matrix program. The correction was taken as the difference between the calculated and experimental energy values for the ( 1 D) 2 P term. The radial waves describing the distribution of the bound electrons in the target were obtained with the twelve configuration basis of set 2 in Table 1 . This represented a good compromise between target quality and computational speed. The scaling parameters for the potential employed in the set 2 structure calculation are λ 1s = 1.41337, λ 2s = 1.11538, λ 2p = 1.06220, λ 3s = 1.13461, λ 3p = 1.10992, λ 3d = 1.13567. A total of 16 continuum orbitals was included and the inner region boundary was set at 3.09 a.u. An initial expansion of the (N + 1) − e system total wavefunction on a basis set including partial waves with total angular momenta J ≤ 10 turned out to be insufficient to ensure convergence of the collision strengths for some of the forbidden transitions at high electron energies. The final 19 state calculation was therefore carried out for all partial waves with J ≤ 15, again for both odd and even parities and singlet, triplet and quintet spin states, including a total of 102 intermediate states. In Fig. 4 we present results for the same transition illustrated in Fig. 1 , this time spanning the whole closed channel energy range, going from the lowest (3s
The rapidly varying behaviour of the collision strength as a function of electron energy is again noticeable, this time enriched by the additional series of resonances converging to the extra thresholds belonging to the 3s 2 3p 2 3d configuration. A top-up procedure to estimate the contributions to the collision strengths from partial waves with J > 15 was adopted in the open channel energy region, above the highest excitation threshold. By assuming that the partial collision strengths form a geometric series with a geometric scaling factor equal to the ratio of the last two adjacent terms explicitly included, we obtain for the contribution, S, from J > 15
This top-up procedure was found to be appropriate for the ten optically forbidden transitions within the ground 3s 2 3p 3 configuration, with a maximum correction for J = 16 → ∞ of 15% at the highest electron energy considered (100 Ry). At the lowest energy in the open channel region (6 Ry) the maximum correction due to J > 15 is found to be 1.4%. Below 6 Ry, no top-up is considered necessary.
However for the optically allowed transitions the contribution from J > 15 predicted by Eq. (1) is much larger ( 100%). Alternative top-up techniques are needed and results for these transitions will be presented elsewhere. Final collision strength values Ω (i → j) for the forbidden transitions between the five levels of the 3s 2 3p 3 ground configuration are presented in Table 7 , on a grid of energy points above the highest excitation threshold.
Electron excitation rates, obtained by averaging collision cross sections over a Maxwellian distribution of electron energies, are better represented in terms of effective (or thermally averaged) collision strengths, given by where E j is the colliding electron kinetic energy relative to the upper level j of the transition. We have integrated our collision strengths using the linear interpolation technique described in Burgess & Tully (1992) and results are tabulated in Table 8 and Table 9 for two different temperature ranges. In integrating the collision strengths we made the assumption Ω (100 Ry < E < ∞) = Ω (100 Ry), i.e. constant Ω at energies above the last calculated point. The contribution coming from this energy region to the total Υ (T e ) increases with T e and is generally < 5%. When it is > 5% we used italic type in Table 9 . For the transitions 2 D o − 2 P o , in particular, this contribution can be as high as 18% at the highest temperatures. However, from Table 7 we see that the assumption of constant Ω (E) at high energies, particularly for the transitions
Discussion and conclusions
Two major anomalies affect the collisional data computed by Tayal et al. (1987) for the forbidden transitions within the 3s 2 3p 3 ground configuration of Fe xii 1. a large discontinuity, up to an order of magnitude for some transitions, between the Ω values at 4 Ry and at 6.6 Ry, as clear from their Table 2 . This feature was pointed out by Mason (1994) . 2. a monotonic increase of Ω as a function of E above 6.6 Ry for the transitions from the
Comparison of our Figs. 1, 2 and 3 with their Fig. 3 shows that our 7 term target expansion including 3d and 4f correlation orbitals in the radial waves (Fig. 2) is the closest to their model. Regarding the first point, we note that 4 Ry is above the highest excitation threshold in both calculations, so the eventuality of hitting a true resonance at that energy must be ruled out. This raises the question whether their unusually high values at 4 Ry might be due to the effect of unphysical resonances in the open channel energy region, despite their use of a T -matrix smoothing procedure in that energy range. Our 7 term computation with correlation orbitals revealed a bunch of resonances, likely to be due to the 4f correlation orbital, between 4 Ry and 7 Ry, and between 15 Ry and 20 Ry. Our approach does not include T -smoothing but we still find the same steep drop in the Ω values between 4 Ry and 6.6 Ry. This fact seems to suggest that open channel resonance effects are still affecting their non-resonant background, causing this behaviour.
As far as the second point is concerned, they ascribe the increase in Ω to larger contributions from higher partial waves due to the presence of stronger long-range quadrupole interactions. However we performed a similar top-up procedure without obtaining such a pronounced effect in the higher partial waves contributions. Furthermore we point out that, according to the classification proposed by Burgess & Tully (1992) , the high energy behaviour of Ω(E) for forbidden transitions should follow a constant or E −2 trend, depending on the role played by electron exchange. An increase in Ω with E is, on the contrary, typical of optically allowed transitions.
The use of correlation orbitals in the target description is problematic, as stated in Saraph & Storey (1996) , because of the introduction of unwanted spurious resonances in the open channel region and because of the inaccurate position on the energy scale of the additional resonances brought in by these non-physical orbitals below the highest excitation threshold. It is for this reason that we used all spectroscopic orbitals in our best R-matrix calculation including 19 target terms. A comparison of our Table 7 with the Tayal et al. (1987) collision strengths reveals a situation where their values are, for most transitions, larger than ours. The use of a different scaling factor in the geometric series top-up procedure and possible residual open channel resonance effects in their data might account for this discrepancy. However, no clear pattern is observed in comparing the two sets of data for the effective collision strengths (our Table 8 and their Table 3 ). Their Υ(T e ) data for the 2 D o J − 2 P o J transitions show again the same anomalous behaviour as a function of T e as we found in their Ω(E) values. Here, probably, in integrating the collision strengths over a Maxwellian distribution, the presence of their broad resonance features due to correlation orbitals is balanced by our inclusion of additional series of physical resonances converging to the twelve extra thresholds of the 3s 2 3p 2 3d configuration, which is lacking in their target representation. The inclusion of the second excited configuration in the target expansion is an important feature of our calculation because it enables us to provide collisional data for the important transitions up to the 3s 2 3p 2 3d levels. The only set of data previously available for these transitions was by Flower (1977) , who used a very crude target model and included resonance effects by the approximate method of Petrini (1970) . The radiative and collisional atomic parameters for Fe xii discussed in this paper should therefore prove a powerful diagnostic tool for future spectroscopic applications.
